Intracellular bacteriophage 186 DNA replicates as a single-branched circle during the first round of replication. The free end of the branch is located at a unique position with respect to phage 186 DNA base sequence, and this point should, therefore, correspond to the origin of DNA replication. The position of the growing point has been mapped at various degrees of replication, and found to move unidirectionally from left to right with respect to the denaturation map of phage 186 DNA.
The temperate bacteriophage 186 was isolated and the prophage site was localized on the Escherichia coli genetic map by Jacob and Wollman (1) . There are several properties by which phage 186 resembles P2 and differs from X (2) (3) (4) (5) (6) . In the present report we wish to determine if the similarities between phages P2 and 186 (and their differences from X) are also reflected in their respective modes of replication. Earlier investigations have already shown that both phages X and P2 possess unique starting points for replication and that replication is unidirectional for P2 and bidirectional for X (7, 8) .
The strategy in these experiments is simply to isolate intracellular phage DNA and then to create a frame of reference on these molecules by partial denaturation. Examination of electron micrographs of partially denatured replicating molecules then allows the unambiguous location of the origin and direction of replication of each molecule. We will discuss the following experimental facts. (i) Intracellular replicative forms of phage 186 DNA frequently have a single-branched circular structure (a circular molecule possessing an extra linear segment attached to the circle at a branch point); more complex replicating structures are present at low frequency.
(ii) Replication starts from a unique origin located 92.9% from the left end of the denaturation map of mature phage 186 DNA and always proceeds toward the right; replication in phage 186 DNA is, therefore, unidirectional. (iii) The molecular fine structure at branch points is complex. Frequently, single-stranded connections are observed at branch points and often there is an additional piece of single-stranded DNA protruding out of the branch point.
STRUCTURE OF INTRACELLULAR
PHAGE 186 DNA When E. coli, growing in a heavy medium, is infected with light phage 186, it is possible to fractionate, by density-gradient centrifugation, various intracellular DNA species. During the first round of replication the phage DNA will have a density between light (LL) and hybrid (HL). In an electron microscope these fractions are found to contain simple circular molecules and also circles with an additional linear segment of variable length attached to the circle at a branch point (single-branched circles). The observed length of the circular intracellular DNA (10.9 i 0.3 Mm) is not, significantly different from the length of mature phage 186 DNA (11.3 ± 0.2 Am). The tail segment can either be completely double stranded or joined to the circle by a short single-stranded region, a finding quite analogous to the single-stranded connections found at phage X DNA growing points (8, 9) . Less frequently the tail segment is completely single stranded and short.
A high proportion (45%) of the replicating molecules has, in addition to the tail segment, an extra short single-stranded segment protruding out of the branch point. These structures are somewhat similar to the "whiskers" observed in phage T4 DNA growing points by Delius, Howe, and Kozinski (10) . Single-stranded whiskers at branch points were short (0.03-0.79 Mm) compared to the length of the replicating molecule.
Branch lengths up to 99% of the circle length were recorded; branches longer than this were rare (five out of about 450 branched molecules), and their lengths were longer than the circles by 10, 31, 50, 55, and 102%.
A small number (3%) of the intracellular molecules were dimeric circles, and these.had sometimes one or two branches; again, the branches were found always to be shorter than the monomeric circles, but these were not studied further. The similarity between the maps of mature phage 186 (Fig. la) and those given in Fig. lb show that denaturation mapping can serve as an adequate frame of reference for determination of the position of mature ends in replicating phage 186 circles.
The positions of the branch points were found to be random with respect to the denaturation map. Next, the free ends of the branches were mapped by overlaying the denaturation map of the branched segment on the artificially broken circular map so that there was good alignment of denatured sites between the branch and the segment of the circle (of equal length) either to the left or to the right of the branch point. Out of 39 molecules, we found that in .30 the branches had to be laid to the left of the branch point for the best agreement between denatured sites, and in these 30 cases the free end of the branch occurred at a unique place on the circular map. These results are presented in Fig. 2 , where the random position of the branch points (short vertical lines) and the unique position of the free ends (short vertical arrow) can be seen. The free end corresponds to a point 10.5 i 0.2,gm (92.9 i 1.8%) from the left end of the molecule. The standard deviation is within the experimental error normally involved in our specimen-preparation method (0.2Mum corresponds toabout 590 nucleotide pairs; hence, the actual spread, if any, of the origin within this limit would escape detection by the present method). We interpret this position as the starting point of replication, and this means that the branch point is the growing point and that replication proceeds from left to right with respect to the denaturation map of mature phage 186 DNA.
In nine other denatured branched circles the free ends of the branches did not map at a fixed position (last nine molecules in Fig. 2 ). All the circles, however, had a recognizable phage 186 DNA denaturation map. This result could mean that there can be several different origins of replication in a small fraction of the molecules. However, random shear breakage of the branches during specimen preparation would also give rise to apparent random origins of replication by our mapping method. The following two features are indicative of the latter effect. The branches in the last nine molecules shown in Fig. 2 (8) . 10 ml of the overnight culture was then diluted into 30 ml of fresh D-medium and grown to A590 = 0.6-0.8. Cells were concentrated by centrifugation, washed, and resuspended in 2 ml of adsorption medium in D2O. After cells were starved for 30 min at 370, 'H-labeled phage 186 was added at a multiplicity of infection of 10 followed by incubation for 10 min at 37°. Cells were then diluted with 20 ml of warm D-medium and incubated at 37' for different times (15, 20, and 40 min-in three different experiments). DNA replication was then stopped by pouring the cells into 22 ml of ice-cold killing solution (15 mM RCN-15 mM Na3N-15 mM NaiEDTA, made up in 0.15 M NaCl-15 mM Na3 citrate and adjusted to pH 8). Cells were centrifuged and resuspended in 3 ml of the above-mentioned solution at 00, and 0.5 mg of lysozyme was added per ml. The suspension was freeze-thawed, incubated for 20 min at 00 and then for 10 min at 700 in the presence of 100 ul of Sarkosyl.
Finally, 2 mg of nuclease-free Pronase (Calbiochem, self-digested at 370 for 4 hr) was added, and the mixture was incubated for 1 hr at 37°. The mixture was then fractionated by CsCI densitygradient centrifugation in two polyallomer tubes (60 Ti rotor, 30,000 rpm for 3 days at 50, p = 1.67). Fractions (0.2 ml) were collected from the top of the tube by a density-gradient fractionator (ISC0, model 640), and the fractions were assayed by absorbance and liquid-scintillation counting.
Proc. Nat. Acad. Sci. USA 70 (1978) 1770 Biochemistry: Chattoraj and Inman molecules in which one or both branches have been broken during preparation; this is supported to some extent, by the fact that the four anomalous molecules had quite short branches (mean length 0.6 ,um), compared to the types that obey the relation in Fig. 3 (mean length 3.9 ,um) . Once again, we cannot decide whether these anomalous molecules arise through the above type of breakage artifact or do, in fact, have different origins of replication.
The fine structure of growing points in reinitiated mole- Fig. lb . For simplicity, denatured sites have been omitted). The shorter horizontal lines represent the branches (again broken, if necessary, to correspond to the mature phage 186 DNA ends). The position of the branch point is shown by the short vertical line, while the vertical arrow marks the free end of the branch (the origin of replication); the branch is enclosed by these two vertical lines. The last nine molecules do not show a unique position for the free end of the tail; possible reasons for this are discussed in the text. It is assumed that in these nine molecules replication was also towards the right; this could not be directly demonstrated in these particular molecules because the branches were very short and the last four molecules had branches that were completely single stranded. quences richest in A + T (as judged by electron microscopic denaturation mapping). In all three cases so far studied, the origin of replication is on the A + T-rich half of the respective molecules, but is situated at what must be regarded as a G + Crich region within the right half. The evidence for this fact has already been presented for phages X and P2 (8, 7) . That this is also true for phage 186 DNA will be shown in a report on the denaturation map of mature phage 186 DNA (to be published elsewhere). We conclude that it is highly likely that the events associated with initiation of the first round of replication require, in some way, a specific G + C-rich sequence.
MICROMETERS
Replicating phage 186 DNA was found to be circular. Except for T7 DNA, where the replicating intermediate is a Y-shaped rod (12) , the replicating chromosomes in all other systems so far observed (microorganisms, viruses, and rnitochondria) are circular but of two distinct types. First, the structure can be in the form of a double-branched circle, as in the case of phage X DNA, where replication can proceed bidirectionally during the first round (8) . Second, the structure can be in the form of a single-branched circle, as has been found for phage P2 DNA (7) and for phage 186 DNA in the present investigation. In the latter two cases replication can only proceed unidirectionally. It is worth noting that the E. coli host used in the present study was the same strain as used in the earlier study of phage X replication (8) . Other growth conditions were also very similar. Thus, the two modes of replication, bidirectional in the case of phage X and unidirectional in the case of phage 186, are probably not hostcontrolled mechanisms.
One interesting observation in the present study was that some molecules possessed two tail segments attached to the circle at two branch points; the data suggest that in fact both branch points were growing points. Such structures were not observed with phages X or P2 DNA. Though the proportion of these molecules was small, the presence of the second branch in the same molecule indicates that the second initiation is independent of the termination of the first round of replication and that there is not necessarily a termination event required to trigger a new round of replication. Recent studies on phage T4 replication indicate that new growing points can form soon after an earlier initiation (10) .
The branches in phage 186 DNA often showed a singlestranded connection to the circle at the branch point, and there were also one or more single-stranded segments (in an otherwise double-stranded branch) that were not associated with the branch point. Similar observations were made for phages X (8) and P2 (Schnbs and Inman, unpublished observations). Further studies are necessary to understand the reason for the presence of the single-stranded "whiskers" frequently observed protruding out of phage 186 DNA growing points.
